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Cellular senescence is a fundamental aging mechanism
that has been implicated in many age-related diseases
and is a significant cause of tissue dysfunction. Accu-
mulation of senescent cells occurs during aging and
is also seen in the context of obesity and diabetes.
Senescent cells may play a role in type 2 diabetes
pathogenesis through direct impact on pancreatic p-cell
function, senescence-associated secretory phenotype
(SASP)-mediated tissue damage, and involvement in ad-
ipose tissue dysfunction. In turn, metabolic and signal-
ing changes seen in diabetes, such as high circulating
glucose, altered lipid metabolism, and growth hormone
axis perturbations, can promote senescent cell forma-
tion. Thus, senescent cells might be part of a pathogenic
loop in diabetes, as both a cause and consequence
of metabolic changes and tissue damage. Therapeutic
targeting of a basic aging mechanism such as cellular
senescence may have a large impact on disease path-
ogenesis and could be more effective in preventing the
progression of diabetes complications than currently
available therapies that have limited impact on already
existing tissue damage. Therefore, senescent cells and
the SASP represent significant opportunities for ad-
vancement in the prevention and treatment of type 2
diabetes and its complications.

Type 2 diabetes is an increasing threat to human health-
span, particularly in the face of rising obesity prevalence
and a rapidly aging population. Diabetes incidence and
prevalence increase with age, with 25.9% of Americans 65
years or older having diabetes compared with 9.3% in the
general population (1). Type 2 diabetes can be a conse-
quence of obesity, whose prevalence remains over 30% in
adults older than 60 (2). In addition, diabetes is a major
risk factor for premature onset of multiple age-related

conditions, including renal dysfunction, cardiovascular
disease, stroke, impaired wound healing, infection, de-
pression, and cognitive decline (3-6). Despite increased
understanding of the pathogenesis of diabetes and its
comorbidities, current therapies have limited efficacy
with respect to its progression and complications. Novel
therapeutic targets and strategies are needed to advance
the treatment and prevention of type 2 diabetes, espe-
cially its complications. Of note, we and our colleagues
recently identified a possibly causal link between cellular
senescence and aging phenotypes by showing that the
clearance of senescent cells in a mouse progeroid model
in vivo can delay age-related tissue dysfunction, including
cataract formation, lipodystrophy, and lordokyphosis (7).
These points raise the possibility that cellular senescence
could be a novel target for clinical interventions for age-
related diseases, potentially including type 2 diabetes. In
this Perspective, we speculate that senescent cells and the
senescence-associated secretory phenotype (SASP) could
be transformative therapeutic targets for type 2 diabetes
and its complications.

CELLULAR SENESCENCE: A BASIC AGING
MECHANISM

Like other age-related chronic diseases, diabetes may be
caused in part by a convergence of the basic aging
mechanisms that underlie age-related tissue dysfunction,
including chronic “sterile” (not pathogen-associated) in-
flammation, macromolecular damage, progenitor cell dys-
function, and cellular senescence (8). In the past decade,
cellular senescence has emerged as a possible cause of
general tissue dysfunction and aging phenotypes (9,10).
Cellular senescence is an essentially irreversible growth
arrest that occurs in response to various cellular stressors,
such as telomere erosion, DNA damage, oxidative stress,
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or oncogenic activation, and is thought to have arisen as
an antitumor mechanism (11). In addition to growth ar-
rest, senescent cells adopt several unique identifying char-
acteristics, including a flattened morphology in culture,
upregulation of cell cycle inhibitors such as p21 and p16,
accumulation of DNA damage foci, reactive oxygen species
production, and shifted optimum pH of lysosomal
B-galactosidase (senescence-associated (3-galactosidase [SA-
Bgal] activity) (11).

Although senescent cells are incapable of dividing, they
are metabolically active. This high metabolic activity sup-
ports the release of proinflammatory cytokines, chemo-
kines, and growth factors collectively known as the SASP
(12,13). Through the SASP, a low absolute number of sen-
escent cells in a tissue (typically <20%) may be able to exert
systemic effects (11). For example, obesity-associated sen-
escent cells may promote chronic, low-grade sterile inflam-
mation. In this way, senescent cells might be a link between
obesity and inflammation that contributes to the develop-
ment and progression of type 2 diabetes (Fig. 1) (14,15).
Although cellular senescence is normally a defense mecha-
nism against tumor development, presence or persistence of
a high number of senescent cells can promote tumor pro-
gression because of inflammation, tissue disruption, and
growth signals due to the SASP (16). Senescent cells can
also initiate a deleterious positive feedback mechanism by
promoting the spread of senescence to nearby cells (17-19).

Senescent cell burden is low in young individuals but
increases with aging in several tissues including adipose
tissue, skeletal muscle, kidney, and skin (20-22). In
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Figure 1—Senescent cells may play a role in driving insulin resis-
tance and diabetes complications. Senescent cells accumulate in
tissues throughout the body with aging and obesity and in disease
states. The SASP is a diverse group of proinflammatory cytokines,
chemokines, and growth factors released by senescent cells, which
may act both locally and systemically. The SASP may affect the
function of neighboring cells within a tissue through paracrine
mechanisms, contributing to tissue dysfunction and damage that
can lead to diabetes complications. In addition, SASP factors may
circulate and add to a chronic inflammatory state commonly impli-
cated as a contributor in the development of insulin resistance.
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particular, components of the metabolic syndrome, in-
cluding abdominal obesity, diabetes, hypertension, and
atherosclerosis, are among the many pathologies associ-
ated with increased senescent cell burden (20,23-25). The
potential roles that cellular senescence may play in
chronic disease have been recently reviewed (10,18,26).
Senescent cell accumulation can occur due to a variety of
factors, such as various age-related chronic diseases, oxi-
dative stress, the hormonal milieu, developmental factors,
chronic infection (e.g., HIV), certain medications (e.g.,
chemotherapy or certain HIV protease inhibitors), and
radiation exposure (9,10,27,28).

Several possible “subtypes” of cellular senescence have
been identified, including oncogene-induced senescence,
stress-induced premature senescence, and the classical
replicative senescence (10). The full extent of senescence
inducers and the dynamics of senescent cell turnover are
not yet fully known. For example, tissue-specific senes-
cent cells that are found in disease states, such as senes-
cent cholangiocytes in primary sclerosing cholangitis,
seem to accumulate through mechanisms that are less
age-dependent than those in normal chronological aging
(29). It is possible that some senescent cells form acutely
in response to damage and are quickly cleared, while other
senescent cells may evade immune clearance and persist
to contribute to a chronic inflammatory state (30,31).

In addition to the heterogeneity in senescence-
inducing signals, senescent cells play several different
roles once formed, which can be positive or negative.
Although cellular senescence plays a negative role in age-
related disease by causing tissue dysfunction, it is a crucial
mechanism by which potentially tumorigenic cells are neu-
tralized. Senescence is also involved in normal embryogen-
esis, development, and wound repair (32-34). Thus, cellular
senescence is necessary for the health of an organism but
can also have detrimental effects, especially when senescent
cell abundance increases with aging.

The association between diabetes and senescence may
be complex and complementary. On one hand, it is likely
that the diabetic microenvironment could be permissive
to the development and accumulation of senescent cells.
On the other hand, senescent cells may contribute to the
tissue dysfunction and comorbidities observed in type 2
diabetes. We speculate that these complex interactions
might lead to a “malignant” positive feedback, in which
metabolic dysfunction in prediabetes leads to cellular se-
nescence that contributes to the worsening of tissue and
metabolic function, which further increases the formation
and decreases the clearance of senescent cells (Fig. 2).

DIABETIC MICROENVIRONMENT PROMOTES
CELLULAR SENESCENCE

High Glucose

High glucose drives premature senescence in vitro in
endothelial cells, renal mesangial cells, adipose-derived
stem cells (also known as preadipocytes or fat cell
progenitors), and fibroblasts (35-37). The mechanism of
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Figure 2—Senolytic or SASP-inhibiting therapies present new opportunities for targeting type 2 diabetes and its complications. Senescent
cells that accumulate during aging and obesity may contribute to inflammation, insulin resistance, metabolic dysfunction, and progenitor
cell dysfunction through the SASP and direct effects of senescent cells in tissues. These effects might promote insulin resistance and type
2 diabetes as well as contribute to tissue damage and diabetes complications. Metabolic and immune perturbations in the diabetic state
may, in turn, promote the formation of more senescent cells. Current glucose-lowering therapies (gray box) are able to exert a limited effect
on this pathogenic loop established by senescent cells. As shown in the dotted box, by targeting senescent cells and their associated
SASP, we speculate that the tissue dysfunction that leads to diabetes complications may be slowed or alleviated, and the pathogenic loop
between cellular senescence, diabetes, and tissue dysfunction may be broken. GH, growth hormone.

glucose-induced senescence is not clear, although poten-
tial candidates include mitochondrial dysfunction and in-
creased reactive oxygen species (38). High glucose can also
potentiate the formation of advanced glycation end prod-
ucts (AGEs) (39). Increased AGE signaling through their
receptors (RAGE), of which the SASP factor HMGB1 is
also the agonistic ligand (see below), has been shown to
cause premature senescence in renal tubular cells (40).

Growth Hormone/IGF-1 Axis
Alterations in the growth hormone/IGF signaling path-
way, as well as differential responses of target tissues in
obesity and diabetes, might play a role in promoting
cellular senescence. The ability of multiple individual
components of this pathway to induce senescence has
been recently shown, including growth hormone, IGF-1,
and IGF binding protein 5 (IGFBP5) (27,28,41). Other
related factors, such as IGFBP3, have been implicated as
SASP components that may play a role in the propagation
of senescence signals to neighboring cells (42). More re-
search is needed to determine whether, in turn, senescent
cells and the SASP affect growth hormone axis signaling,
and especially how this might impact insulin resistance
and diabetes pathogenesis.

A p53-mediated premature senescence can result from
chronic exposure to IGF-1, whose levels may be differen-
tially regulated in diabetes due to hyperinsulinemia and

changing levels of IGFBP family members (28,43). Con-
sistent with IGF-1-mediated senescence, the activity of
Akt, a major effector of the insulin/IGF-1 signaling path-
way, is increased in cellular senescence. Inhibition of Akt
has been shown to increase replicative lifespan (i.e., delay
senescence) of primary endothelial cells in vitro (20,44).

The levels of IGFBP3, which increase as a result of
replication-, doxorubicin-, and other stress-induced senes-
cent cell states, may be modulated by the SASP component
PAI-1. PAI-1 is a serine protease inhibitor that inhibits the
tissue plasminogen activator, which cleaves IGFBP3 (42).
IGFBP3 has been shown to cause insulin resistance inde-
pendently of IGF binding, as evidenced by decreased GLUT4
translocation to the plasma membrane as well as reduced
Akt phosphorylation in response to insulin in adipocytes
and omental adipose explants (45). In addition, overexpres-
sion of IGFBP3 in mice leads to decreased glucose tolerance,
insulin resistance, and hyperglycemia (46). Another IGFBP
member, IGFBP5, has been found to increase during endo-
thelial and fibroblast senescence and may induce cellular
senescence on its own through a p53-dependent, p16-
independent mechanism (41).

Decreased growth hormone axis activity extends life-
span in organisms from C. elegans to mice. Recently,
growth hormone activity in mice was shown to correlate
positively with senescent cell burden, and this, in turn,
was inversely related to lifespan (27). Despite reduced
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levels of growth hormone signaling, the opposite is seen
in obesity and obesity-related type 2 diabetes (ie., in-
creased senescent cell burden and decreased healthspan).
This disparity could be due to the underlying cause of
decreased growth hormone signaling and could indicate
that glucose or other metabolites may play a larger role
in diabetes-associated senescence than the growth hor-
mone axis. The extent and effects of insulin and growth
hormone signaling perturbations in obesity and diabetes
and especially their impact on aging mechanisms, such as
cellular senescence, have yet to be fully determined. The
relationship between diabetes, senescence, and the growth
hormone/IGF-1 axis are complex and require further study.

Ceramides

Ceramide synthesis is upregulated in obesity and diabetes
and is a major contributor to lipotoxicity, which, in turn,
causes tissue damage such as pancreatic (3-cell apoptosis
(47). Ceramides induce senescence markers in fibroblasts
and endothelial cells in vitro, suggesting that high circu-
lating or local levels of ceramides could be a driver of
cellular senescence (48). Increased intracellular ceramide
content has been shown to promote cellular senescence,
owing to changes in fatty acid metabolism that occur
as a response to environmental stress through the p53
and p38 pathways (49). Notably, the diabetic biomarker
1-deoxysphinganine, when converted to its ceramide me-
tabolite 1-deoxy-dihydroceramide, decreases insulin secre-
tion in Ins-1 B-cells and primary islets and triggers
p21-dependent cellular senescence in Ins-1 cells (50). More-
over, inhibition of de novo ceramide synthesis in diet-
induced obese and o0b/ob mice has been shown to decrease
the SASP factors PAI-1 and MCP-1 and improve metabolic
phenotypes such as glucose and insulin tolerance (51).

CELLULAR SENESCENCE IN THE PATHOGENESIS
OF TYPE 2 DIABETES

SASP: Mediator of Insulin Resistance?

Chronic, sterile, low-grade inflammation is associated with
both obesity and aging and is thought to be a major
contributing factor for the development of insulin re-
sistance (Fig. 1) (14,52). Components of the SASP, such as
interleukin (IL)-6, IL-8, and MCP-1, are increased in obese
adults and adolescents and could contribute to such
a proinflammatory state, together with effects of macro-
phages and other mediators of inflammation (31,53,54).
Macrophage accumulation may, in turn, be promoted
through effects of the chemokine MCP-1, which is pro-
duced by senescent cells as part of the SASP (12). Case-
control studies have found that elevated IL-6 and the
combined elevation of IL-6 and IL-13, both SASP factors,
are independent predictors of diabetes (55,56). Another
prominent SASP component, PAI-1, is increased in the cir-
culation and tissues, such as coronary arteries of patients
with diabetes (57). HMGB1, recently shown to be in-
volved in inflammatory signaling during p53-dependent
cellular senescence (58), signals through RAGE, which
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plays a role in driving diabetes complications as well
(59). We speculate that senescent cells, which accumulate
in obesity and aging, may be the source of some of the
inflammatory factors that are associated with risk for in-
sulin resistance and diabetes. However, more research is
needed to determine to what extent senescent cells might
contribute to this inflammatory state and to establish if
there is a causal link between senescent cells, the SASP,
and insulin resistance.

Cellular Senescence and Adipose Tissue Dysfunction
In many people, adipose tissue is the largest organ,
particularly in the context of obesity. Adipose tissue
dysfunction related to both obesity and aging is associ-
ated with an increase in senescent cell burden (20). Pre-
adipocytes, the precursors to mature adipocytes in fat
tissue, are among the cells known to be susceptible to
the development of cellular senescence (20,27). Senescent
preadipocyte abundance is greater in obese subjects com-
pared with lean age-matched counterparts, even in young
individuals (20). Increased senescent preadipocytes could
contribute to declines in adipogenic and lipogenic poten-
tial, with consequent development of age-related lipodys-
trophy, leading to lipotoxicity and inflammation (20). The
SASP also may interfere with adipogenesis through in-
flammatory cytokine release. Adipogenesis is crucial for
insulin responsiveness, as insulin receptors and GLUT4
increase as preadipocytes differentiate into mature adipo-
cytes (60). Peroxisome proliferator-activated receptor vy
and C/EBPoa, which increase as preadipocytes differ-
entiate, are required transcription factors for both
adipogenesis and acquisition of insulin sensitivity (60).
Experiments in progeroid INK-ATTAC;BubR1™"  mice
showed that senescent cell clearance could reverse age-
related lipodystrophy. The response of adipose tissue to
senescent cell clearance in other contexts, such as obesity
or diabetes, has not yet been reported (7).

Because the SASP includes macrophage attractant
proteins such as MCP-1, it is possible that senescent cells
in adipose tissue could be a driver of the macrophage
infiltration that has been proposed to play an important
role in adipose tissue inflammation leading to insulin
resistance in obesity (12,52). However, the temporal rela-
tionships among macrophage infiltration, senescent cell
development, and insulin resistance are unknown and re-
quire further study. Senescent cells and the SASP could
influence other processes in adipose tissue that impact
insulin resistance, such as autophagy. Autophagy has
been implicated in the establishment of oncogene-induced
senescence; however, little is known about the role of
autophagy in senescence triggered by metabolic stresses
such as in obesity (61).

The deleterious effects of cellular senescence on adipose
tissue function may lead to decreased capacity for fat
accumulation and the development of the “spillover” of
toxic free fatty acid that may play a role in development
of cellular dysfunction in diabetes (62). Ectopic fat
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deposition in liver, muscle, and heart, which contributes to
insulin resistance in those tissues, could be a result of
dysfunctional adipose tissue that cannot store further lipid
in both aging and obesity (62). This lipotoxicity may fur-
ther contribute to pancreatic (3-cell dysfunction, atheroscle-
rosis, renal disease, and other accelerated age-related
diseases such as mild cognitive impairment or dementia

(62).

Pancreatic B-Cell Senescence

Pancreatic B-cell senescence has been implicated as a con-
tributor to type 2 diabetes, at least in a model of high-fat
feeding (63). This could be a direct mechanism through
which senescence contributes to diabetes, as the decline of
B-cell function and mass is a hallmark of type 2 diabetes
progression. The cell cycle inhibitor p27, a marker of se-
nescence, increases in pancreatic -cells in genetic mouse
models of type 2 diabetes, and p27 deletion in those mice
increased insulin secretion and islet mass through in-
creased proliferation (64). In mice lacking p53-dependent
apoptosis, the burden of senescent cells increases rapidly
and is associated with dysfunction of pancreatic B-cells,
causing an overt diabetic phenotype in 3-4 months (65).
This appears to be an accelerated model of age-related
diabetes and is consistent with the hypothesis that cellu-
lar senescence over the lifespan could be a cause of de-
creased insulin synthesis and release from pancreatic
B-cells. Therefore, drugs that eliminate senescent cells—
senolytic agents—may possibly prevent 3-cell dysfunction
due to cellular senescence when and if they become avail-
able (66). Senolytic therapy administered around the first
diagnosis of prediabetes might delay or prevent individu-
als from progressing to overt diabetes. Similarly, senolytic
therapies could possibly prevent patients with noninsulin-
dependent diabetes from progressing to insulin-dependent
diabetes by preserving some {3-cell function.

Senescence and Diabetes Complications

Although much work still needs to be done to link cellular
senescence to the pathogenesis of diabetes, many studies
have indicated that senescent cell burden is increased in
tissues that undergo damage in diabetes, such as the skin,
pancreas, and kidney (22,63,67). The aging microenviron-
ment limits regenerative potential of young progenitor
cells in vivo, and conversely, aged progenitor cells exhibit
improved function when exposed to a young systemic
microenvironment (68). It is possible that senescent cells
are a contributor to the aging microenvironment, which
may limit the regenerative potential of cells in every tissue.
Without effective cell turnover and tissue repair, pheno-
types seen in diabetes, such as retinopathy, islet degener-
ation, and renal damage, may potentially be initiated or
worsened. For example, the accumulation of senescent cells
could contribute to infectious complications of diabetes
and impede tissue repair in diabetic skin wounds. Also, it
is possible that circulating SASP factors originating from
fat or other tissues could lead to dysfunction in tissues
without a high local burden of senescent cells (Fig. 1).
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There are emerging data indicating a role of senescent
cells in neurodegeneration and cognitive dysfunction (69).
Increased risk of cognitive impairment in diabetes could
be tied to senescence in the brain, either of neurons them-
selves or senescence of infiltrating or glial cells. Neurons
can adopt a senescence-like phenotype, including DNA
damage foci and SA-Bgal activity in dementia and other
neurodegenerative diseases (70,71). Alternatively, the
SASP generates factors that affect brain function, such
as IL-6 (72). Potentially, SASP factors originating from
tissues outside the central nervous system could contrib-
ute to cognitive dysfunction in diabetes as well (73).

Cardiac progenitor aging is accelerated in diabetes, and
heart disease is a major complication of diabetes (74).
Perhaps systemic effects of the increased senescent cell
burden in diabetes contribute to this, together with the
effects of lipotoxicity on endothelial cells and increased
prothrombotic SASP factors, such as PAI-1. Senescent
cells also accumulate in atherosclerotic plaques (24). Car-
diovascular disease risk can even be elevated in patients
with prediabetes, suggesting that this might be an oppor-
tune time to target senescent cells. Microvascular compli-
cations of diabetes, such as retinopathy, neuropathy, and
nephropathy, could be linked to cellular senescence as
well, as endothelial cells have been shown to be suscepti-
ble to glucose-induced senescence (35). Senescent cells
not only may be a contributing cause of diabetes, but
also may accelerate tissue injury and be a central mecha-
nism underlying complications of diabetes.

Cellular Senescence Establishes Pathogenic Positive
Feedback Loops in Diabetes

As discussed above, one of the main characteristics of
cellular senescence is that it promotes development and
accumulation of more senescent cells in nearby and
distant tissues, leading to a “snowball” effect (Fig. 1).
This may be accomplished through the SASP, promotion
of chronic “sterile” inflammation, reactive oxygen species,
impedance of immune clearance of senescent cells, or
other mechanisms.

Certain SASP factors originating from senescent cells
in particular tissues or types of senescent cells may be
able to induce senescence in neighboring cells, propagat-
ing senescence signals (19). For example, PAI-1, a SASP
factor produced by many cell types, can stabilize IGFBP3
by inhibition of tissue plasminogen activator, which nor-
mally cleaves it. IGFBP3, itself a SASP factor in some cell
types, is induced during senescence of breast cancer cells
caused by a variety of stresses, and, in turn, upregulates
PAI-1 by inducing senescence in fibroblasts and endothe-
lial cells (42). Importantly, overexpression of PAI-1 is suf-
ficient to induce replicative senescence as indicated by
SA-Bgal activity in mouse embryonic fibroblasts (75). De-
creased PAI-1, either by small interfering RNA knockdown
or SIRT1 repression, results in decreased senescent cells
(75,76). Furthermore, PAI-1 knockdown extends lifespan
and healthspan in Klotho-deficient mice, which have an
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accelerated aging-like phenotype (77). Thus, inhibitors
targeting certain SASP components, such as PAI-1, could
limit the effects of senescent cells as well as decrease their
numbers and may be a therapeutic option in diabetes and
other cellular senescence-related diseases.

Cellular senescence can be accompanied by mitochon-
drial dysfunction that, in turn, causes oxidative stress,
which has been implicated as a cause of insulin resistance
in muscle tissue with aging (78,79). Oxidative species pro-
duced by dysfunctional mitochondria may also induce
neighboring cells to undergo senescence, amplifying sen-
escent cell burden in fat, the pancreas, and other tissues,
potentially establishing another pathogenic loop causing
senescent cell accumulation.

Immune cells, which are responsible for clearing
senescent cells, are susceptible to developing both age-
and metabolic-related dysfunction (80,81). In addition to
increasing susceptibility to infection, senescence-induced
immune dysfunction may contribute to decreased senes-
cent cell clearance in aging and diabetes, accelerating the
increase in senescent cell burden. Senescent cells may in-
terfere with their own clearance locally or systemically by
releasing SASP factors that, like tumor cells, impede the
ability of immune cells, such as natural killer cells or
macrophages, to clear them. For example, the SASP could
contribute to a chronic proinflammatory microenviron-
ment in diabetes that causes a decline in natural killer
cell function, as is seen in aging and obesity (31,82-84).
Also, IL-6, a prominent SASP factor, interferes with mac-
rophage migration (85). Through these means, senescent
cells may contribute to their own propagation within tis-
sues, outpacing mechanisms of the immune system that
normally clear them.

THERAPEUTIC TARGETING OF SENESCENT
CELLS

Therapeutic clearance of cellular senescence is an active
area of research in which there is much opportunity for
progress. Senescent cell clearance may prove valuable in
slowing progression of general age-related dysfunction
and is also worth testing in diseases correlated with
increased senescent cell burden, such as diabetes. Qur
understanding of the causes, disease associations, and cell
type— or tissue-specific features of cellular senescence is
steadily increasing, including unique features that we may
be able to exploit in therapeutic strategies. Therapies
could be developed either to target and eliminate senes-
cent cells directly or to alleviate local and systemic effects
of the SASP. Because cellular senescence is a basic aging
mechanism thought to play a role in numerous age-
related diseases, targeting senescent cells could have
widespread impact both for individual patients and on
a population scale. For example, we speculate that a
therapy that reduces senescent cells may prevent or ame-
liorate diabetes, Alzheimer disease, and cardiovascular
disease simultaneously (9). By impacting age-related dis-
eases as a group, therapeutic clearance of senescent cells
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and their effects could have immense benefits to human
healthspan and lifespan (18).

Do Current Diabetes Therapies Affect Senescence?
Existing diabetes therapies, namely metformin and acar-
bose, extend lifespan in nondiabetic mice (86,87). In hu-
man cancer patients with diabetes, metformin was
associated with a decrease in 2-year mortality compared
with other glucose-lowering medications (88). Surprisingly,
metformin was recently shown to confer a slight but signif-
icant lifespan benefit to patients with diabetes compared
with control subjects without diabetes (89). Metformin
may also confer a decreased cancer risk in patients with
diabetes (90). A recent study linked this antineoplastic ac-
tivity of metformin to inhibition of the SASP by interfering
with proinflammatory nuclear factor-«kB signaling (91).
Metformin alleviates diabetes, diabetes complications, and
the metabolic syndrome. Among the mechanisms through
which it acts may be inhibition of the SASP and related
inflammation, a speculation that merits further experimen-
tal testing (91). Current therapies for diabetes may have
other beneficial effects in addition to solely lowering glu-
cose. It is possible that, in addition to their antidiabetes
effects, these agents target basic aging mechanisms, such
as cellular senescence and the SASP.

Targeting the SASP

It has yet to be shown whether inhibition of the SASP is
as effective in preventing age-related disease progression
as senescent cell clearance may be. This issue is compli-
cated by cell-type, tissue-type, and organismal differences
in the composition of the SASP, as well as the multiple
effects that SASP factors can play in inflammation,
immunity, and normal physiology. It is unclear whether
senescent cell removal or SASP inhibition would be more
beneficial, and this may depend on organ system and
disease pathogenesis. Targeting individual SASP factors,
such as PAI-1, might even prevent spread of senescence or
interfere with senescent cell viability. Particular SASP
components may be most responsible for certain pathol-
ogies, and if so, they should be directly targeted in certain
diseases. Special attention should be paid to side effect
profiles during the development of such therapies. While
targeting the SASP could inhibit senescent cell formation
by disrupting cytokine, RAGE, or serine protease inhibitor
signaling pathways, it might also have effects on other
cellular processes involving those SASP factors, such as
immune function, tumorigenesis, wound healing, or
hemostasis (10,34).

Feasibility of Senescence as a Therapeutic Target

Developing strategies to increase lifespan or healthspan,
such as strategies that target cellular senescence and the
SASP, is challenging due to the impractical nature of
the required clinical trials. This has been a barrier for the
translation of basic aging biology advances into clinical
contexts. However, targeting senescent cells and the SASP
in the setting of disease, such as diabetes, could provide
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proof of principle for therapies that target aging mech-
anisms. Diabetes complications may be the perfect focus
for initial studies of senescence in diabetes. By removing
senescent cells or their systemic effects, it may be possible
to both halt the progression of diabetic tissue damage as
well as to improve insulin sensitivity. For patients with
prediabetes, therapy targeting senescent cells may pre-
vent progression to frank diabetes and its complications.

There are currently no ideal systemic markers of
senescent cell burden that could be used to assess the
efficacy of senescent cell clearing, or senolytic, drugs. For
example, the cytokine IL-6 is an important component of
the SASP and appears to be an indicator of frailty (92).
However, due to the ubiquity of IL-6 in proinflammatory
processes, circulating levels may not be specific enough to
quantify senescent cell burden. Current methods for assess-
ing senescent cell burden in vivo are at the tissue level,
either by quantification of senescent cells through meth-
ods such as immunohistochemistry for markers including
heterochromatin foci, p16 expression, SA-Bgal activity,
or screening for transgenic labels such as the p16™**
promoter-driven GFP in the INK-ATTAC mouse (7).

In vivo studies of senescent cell clearance as a pre-
ventative therapy would potentially be difficult because
little is known about the time frame of senescent cell
formation. Many studies have drawn associations between
cellular senescence and disease states, such as renal tubular
senescence in diabetes; however, the timeline for senescent
cell appearance is unclear (67). Therefore, testing whether
senescent cells have a causal role in these pathologies is
challenging to delineate. For example, careful studies are
necessary to understand whether senescent cell accumula-
tion precedes the development of diabetes complications.

Similarly, the mechanism of senescent cell clearance is
largely unidentified. It has been suggested that senescent
cells are cleared by the immune system, but the specific
immune cell types involved and the kinetics of clearance
are unknown (83). As organisms age, immune system
function declines, and this could decrease the rate at
which organisms are able to clear senescent cells from
various tissues (80). This may be one mechanism by which
senescent cell burden increases with chronological age. In
turn, SASP factors may contribute to immune dysfunc-
tion, leading to a vicious positive feedback cycle of in-
creasing senescent cell burden.

The development of transgenic mice from which
senescent cells can be selectively cleared allowed the
demonstration of senescent cells’ causal role in disease
(7). The success of these studies has prompted interest
in devising strategies for senescent cell clearance that
could be implemented in humans, and efforts are cur-
rently under way to do so. However, more research is
needed to identify unique features of senescent cells
that distinguish them from healthy dividing cells and
that can be exploited in therapeutic approaches. For ex-
ample, novel strategies may be uncovered by studying the
mechanisms through which senescent cells are cleared by

Palmer and Associates 2295

the innate immune system or by identifying proteins or
signaling networks that are upregulated exclusively, or to
an extreme extent, in senescent cells. Recently, senescent
cells induced by chemotherapy in oncology patients were
metabolically targeted by the administration of 2-deoxy-
glucose to exploit the increased glucose utilization ob-
served in senescent lymphoma cells (93). In another
example, PAI-1 inhibitors reduced senescent cell abun-
dance in Klotho-deficient mice (77). The time is ripe for
studies like these to leverage the growing knowledge
about cellular senescence into translational research op-
portunities that may eventually impact patients (9).

CONCLUSIONS

Senescent cell burden increases in aging and obesity and
may play a role in causing or exacerbating type 2 diabetes.
In turn, features of diabetes may cause an increase in
senescent cell number, which would further promote
chronic inflammation and initiate a vicious cycle of
senescent cell formation in multiple tissues. This increased
senescent cell burden may play a role in the tissue damage
that contributes to diabetes complications. It will be crucial
to explore the extent and characteristics of metabolic
dysfunction in animal models with a high senescent cell
burden in order to determine the effect of senescent cells
on metabolic dysfunction, including insulin resistance.
Shared mechanisms between the development of insulin
resistance and cellular senescence indicate that perhaps by
clearing senescent cells, both the metabolic components
and complications of diabetes could be ameliorated.
Experiments to test this possibility, such as in animal
models that allow senescent cell clearance, will be ex-
tremely important in establishing whether senescent cells
are a therapeutic target in diabetes. More research is
needed to understand the kinetics of senescent cell
formation, especially in the setting of persisting metabolic
stimuli in obesity and diabetes or in the setting of SASP
factors and chronic inflammation due to senescent cells
already present. In addition, whether there are unique
features of diabetes-associated senescence that may allow
targeting of senescent cells in this context needs to be
determined. Diabetes complications, especially cardiovas-
cular disease and microvascular complications including
neuropathy, nephropathy, and retinopathy, have been
particularly difficult to treat by glucose control alone
(94). This may be because much damage occurs before
diagnosis and initiation of treatment. Glucose-lowering
medications have limited effects on ameliorating existing
tissue damage and might not be very effective in reducing
senescent cell burden. Senolytics or SASP-protective
agents, used alone or in conjunction with current glucose-
lowering therapies, may be a way to delay, prevent, alle-
viate, or even treat hitherto resistant complications of
diabetes (66) (Fig. 2). Although many ideas expressed in
this Perspective have been at the level of speculation or
hypothesis, our intent is to spark discussion and help to
generate hypotheses that may link basic aging mechanisms,
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such as cellular senescence, to diabetes and lead to advances
in its treatment and prevention. We hypothesize that clear-
ing senescent cells or targeting the SASP may present op-
portunities for the development of revolutionary therapies
for diabetes and its complications.
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